This study demonstrates the feasibility of performing chemical analyses on heritage materials in the Philippines. Four extraction methods were evaluated based on the percentage of iron, calcium and magnesium in a clay brick sample obtained from an old Spanish colonial period church at Ilocos Norte. Aqua regia (1:3 HNO3:HCl, v/v) solvent was used to extract these elements by conventional hot plate digestion. The extraction methods are: digesting the sample directly with aqua regia (M1), sample pre-digested with NH4Cl and ethyl alcohol prior to the actual digestion (M2) and soaking the sample with aqua regia for 24 hours (M3) and 48 hours (M4) before digestion. Atomic absorption spectroscopy (AAS) was employed to quantify the concentration of the intended elements. The percentage composition of iron ranges from 4.193 to 4.418%, calcium from 0.123 to 0.203%, and magnesium from 2.346 to 2.458%, respectively. Energy-dispersive X-ray spectroscopy (EDX) analysis was done to support the data obtained from AAS. M1 was more effective in extracting calcium from the brick sample, while M2, M3 and M4 were useful for extracting iron and magnesium. Infrared spectroscopy (IR) provided a basic mineralogical composition of the sample, with peaks that were attributed to quartz, kaolinite, calcite, silicates and hematite.
INTRODUCTION
Studying the chemical composition of historic brickwork is a vital factor in any proper restoration effort of heritage structures. This will ensure that the replacement brickwork is compatible in terms of type, color, texture and composition with the original material. The use of inappropriate materials for restoration work can lead to rapid deterioration of the heritage structure affecting its historical and aesthetic value (Lourenco et al., 2009) . In the Philippines, contemporary brickwork is used rampantly as replacement bricks in some church renovations. Concrete blocks and powdered color additives are mixed to provide an artificial imitation of the original brickwork (Zialcita and Cruz-Angeles, 2007) . These materials are selected without performing detailed chemical research and can https://doi.org/10. 26534/kimika.v26i1.27-37 cause problems on the old structure in the long run. Brick making techniques and source of brick materials during the Spanish colonial period may also vary depending on the local manufacturing process, region, environment and time span. Thus, a tailored approach on brick replacement based on chemical composition of the original brick material should be initiated in the Philippines.
Sampling of material is also an important issue for researches involving historical conservation. As a general rule, samples are removed only when necessary. A good sampling design has to be defined on the onset to ensure that only minimum amounts of heritage sample is taken from the site that corresponds to the type of analyses being planned (Hughes and Callebaut, 1999) . Priority should also be given to nondestructive techniques such as X-ray fluorescence (XRF), ultraviolet (UV) photography, proton-induced X-ray emission (PIXE), X-ray radiography and infrared thermography (Avdelidis and Moropoulou, 2004) . These techniques, however, are effective for structural assessment, for physical evaluation of materials and for artworks (Uda et al., 2000) . For the purpose of this study, which involves detailed bulk chemical analysis of the brick, removal of sample is an acceptable technique (Derrick et al., 1999; Figueiredo et al., 2001) . Adequate sample for the analytical techniques used in this study required only picogram to milligram levels.
Bricks (ladrillos in Spanish) are composed of a mixture of clay (mainly montmorillonite and illite types), sand (quartz type) and water. It is subsequently moulded, pressed, dried for more than two weeks and finally fired in a brick kiln (horno in Spanish) at a temperature range of 800⁰C to 1,000⁰C depending on the raw materials used and the desired grade and purpose of the brick product (Navarro, 2007) . Generally, the higher the temperature attained during firing, the stronger the brick formed (Cultrone et al., 2004) . Crucial to the quality of the brick material produced is the property of the clay. The main chemical constituents of clays are silica and alumina, while typical minor constituents usually include iron, calcium (lime), magnesium (magnesia), potassium, sodium and titanium The percentage of each component would depend on the clay where it was collected (Fernandes et al., 2010) . Since the amount of iron, calcium and magnesium can influence the brick's overall durability and strength, this study will focus on the quantification of these minor elements on a brick sample obtained from a Spanish colonial period church in the Ilocos Norte region. Specifically, iron is responsible for the characteristic reddish color of bricks. It is also a flux agent, important in making the brick durable, hard and strong (Somayaji, 2001) . Calcium is another flux agent in the burning process which causes the silica from the sand to melt fusing the particle of the clay bricks together. Its amount is important because if present in excess, it can cause the brick product to melt and lose its shape (Gopi, 2010; Osabor et al., 2009) . Magnesium also decreases the shrinkage of bricks and serves as another flux agent (Punmia, et al., 2005) . The proportion of these three elements in the brick sample was quantified using atomic absorption spectroscopy (AAS) technique. Infrared spectroscopy (IR) technique was employed to have an idea of the general clay mineral composition of the sample (Schroeder, 2002) . Energy-dispersive X-ray spectroscopy (EDX) technique was used to support the results acquired from AAS.
Since the brick is composed of clay, sample preparation techniques for rock and soil mineralogical analysis are generally applicable for this study (Mermut and Cano, 2001) . Sample wet digestion is an essential preliminary method before quantification by AAS and aqua regia is effective in extracting the total recoverable metals in the clay brick sample (Chen and Ma, 2001) . Conventional aqua regia digestion procedure involves digesting the brick samples with a 1:3 mixture of concentrated HNO3 and HCl on a hot plate, forming aqua regia: 3HCl(aq) + HNO3(aq) → 2H2O(l) + NOCl(aq) + Cl2(g). The hotplate digestion method was used in this study. Variations in sample extraction methods prior to aqua regia digestion were investigated. These methods are as follows: (a) Method 1 (M1) is digesting the sample directly with aqua regia, (b) Method 2 (M2) is washing the sample with NH4Cl and ethyl alcohol through an ion exchange mechanism with NH4Cl (Mermut and Cano, 2001; Carroll, 1959) , (c) Method 3 (M3) is soaking the sample in freshly prepared aqua regia for 24 hours before digestion, and lastly, (d) Method 4 (M4) is a variation of M3, by soaking the sample in freshly prepared aqua regia for 48 hours prior to digestion to enable the bonds to loosen initially.
EXPERIMENTAL
Description of Clay Brick Sample. The clay brick sample used to evaluate the different extraction methods for this study was acquired from a brick fragment measuring 17 cm x 14.5 cm x 9 cm situated on the facade of the Church of St. Joseph in Dingras, Ilocos Norte ( Figure 1A ) during a modern reconstruction effort of the parish in December 2011. The church is not listed in the National Cultural Church listings of the Philippines. The brick fragment ( Figure 1B ) has a dark reddish-brown outer surface and a light reddish-orange inner surface. Historical records placed the date of the church's construction in the late 1840's (Jose, et al., 2004) . The reconstruction method preferred by the parish entails totally removing the original brick pieces one by one from the facade and eventually rebuilding it after retrofitting the structure with modern materials. The brick fragment was obtained during this removal process. From this fragment, loose broken pieces were carefully collected from the inner surface at a depth of approximately 1-2 inches relative to the outer surface. The rest of the fragment was returned afterwards. The collected broken pieces were eventually pulverized into powder (34.7 g) and served as the sample for digestion and for other spectroscopic analyses.
Analysis by Infrared Spectroscopy (IR).
A small amount of the powdered brick sample (approximately 0.1 to 2.0% of the KBr amount) was mixed with KBr powder and ground together until the mixture became "pasty" and stuck to the mortar. The mixture was then pressed to form a thin and transparent pellet. The infrared spectrum was recorded using a Thermo Scientific Nicolet 6700 FT-IR Spectrophotometer in the mid frequency region (4000 -400 cm -1 ).
Digestion with Aqua Regia Solution. Four different sample preparation methods were employed prior to digestion with conventional aqua regia (1:3 HNO3: HCl, v/v) . The first method involves digesting brick samples directly without any pre-digestion step (M1), the second method involves washing the sample with NH4Cl, serving as a pre-digestion step (M2), the third method, brick samples were soaked with freshly prepared aqua regia KIMIKA • Volume 26, Number 1, January 2015 for 24 hours (M3), and the fourth method, brick samples were soaked for 48 hours (M4) before digestion. All samples were prepared in triplicates per extraction method.
Sample digested directly with aqua regia solution (M1).
Three sample replicates of 0.5000 g powdered brick samples were placed in a 250 mL glass beaker covered with watch glass. It was digested in 40 mL of aqua regia for 3 hours on a hotplate at 110⁰C until near dryness. Each replicate was diluted with 20 mL of 2% HNO3 (v/v with H2O), placed in a centrifuge and decanted. The residue was discarded and the supernatant liquid was transferred to a 100 mL volumetric flask and diluted to the mark with distilled water (Chen and Ma, 2001) .
Sample pre-digested with 1M NH4Cl prior to digestion with aqua regia solution (M2).
Prior to aqua regia digestion, three replicate powdered brick samples weighing 0.5000 g each were washed with a solution of 1M NH4Cl three times followed by 50% ethanol (v/v H20). Once the supernatant solution was determined free of chloride ions using AgNO3, the solution was centrifuged and decanted. Each sample residue was dried on an oven for 24 hours at 105⁰C (Mermut and Cano, 2001) . Once dried, the procedure for aqua regia digestion was followed.
Samples soaked for 24 hour with aqua regia solution (M3).
Three replicate samples weighing 0.5000 g each were soaked in 50 mL aqua regia solution at room temperature for 24 hours prior to digestion. After the initial reaction period, each sample was further digested continually with another 40 mL of aqua regia solution on a hotplate (110⁰C) for 3 hours. After evaporation to near dryness, each sample was diluted with 20 mL of 2% HNO3 (v/v with H2O), and was centrifuged to separate the residue, then decanted. The supernatant liquid was placed in a 100 mL volumetric flask and diluted to the mark with distilled water (Chen and Ma, 2001) .
Samples soaked for 48 hours with aqua regia solution (M4).
The same procedure for 24 hours soaking period was followed (M3), with the exception that another triplicate samples were soaked in freshly prepared aqua regia for 48 hours prior to digestion.
Analysis
by Atomic Absorption Spectroscopy (AAS). External standard method was employed to determine the concentrations of iron, calcium and magnesium in the clay brick sample. Calibration curves were constructed from a series of standard solutions of known analyte concentrations, prepared from a 1000 ppm stock solution. The blank solution used throughout the experiment was 2% HNO3 (v/v H2O). Since the calcium and magnesium atoms are prone to chemical interferences, a chemical suppressant composed of 5% w/v Sr(NO3)2 was added to each standard and sample. Each absorbance measurement was performed in triplicate. The absorbance was recorded in a Shimadzu AA-6300 Atomic Absorption Spectrophotometer with an airacetylene gas mixture. Absorbance measurements was taken at 248.3 nm for iron, 422.7 nm for calcium and 285.2 nm for magnesium, respectively, using hallow cathode lamps as radiation source.
Standardization of Iron.
A series of standard solutions ranging from 2 ppm to 10 ppm (2, 4, 6, 8, 10 ppm) was prepared from a commercially available 1000 ppm iron atomic spectroscopy standard concentrate (Fluka brand, analytical standard grade) and diluted to the mark with 2% HNO3 (v/v H2O) in a 100 mL volumetric flask. A 3 mL aliquot of the digested brick sample representing each preparation method was pipetted into a 100 mL volumetric flask and diluted with 2% HNO3 (v/v H2O). This served as the unknown sample.
Standardization of Calcium. Standard solutions were prepared from a commercially available 1000 ppm calcium atomic spectroscopy standard concentrate (Fluka brand, analytical standard grade) with concentrations ranging from 0.1 ppm to 2 ppm (0.1, 0.3, 0.5, 1, 1.3, 1.5, 2 ppm). A 2.5 mL Sr(NO3)2 solution was added into each standard solution and diluted to the mark with 2% HNO3 (v/v H2O) in a 50 mL volumetric flask. For the unknown sample, a 15 mL aliquot of each digested brick sample was added with 30 mL Sr(NO3)2 and diluted to the mark with 2% HNO3 (v/v H2O) in a 100 mL volumetric flask.
Standardization of Magnesium. Standard solutions ranging from 0.3 ppm to 1 ppm (0.3, 0.5, 0.8 and 1 ppm) were prepared from a commercially available 1000 ppm magnesium atomic spectroscopy standard concentrate (Fluka brand, analytical standard grade) and subsequently added with 2.5 mL Sr(NO3)2. The resulting mixture was diluted to the mark in a 50 mL volumetric flask using 2% HNO3 (v/v H2O). A 1 mL aliquot was taken from the unknown brick sample solution prepared for calcium, for it to fall within the standard concentration range, and was diluted to the mark in a 50 mL volumetric flask.
Analysis by Energy-dispersive X-ray Spectroscopy (EDX). Sample for analysis
was prepared by dispersing a small amount of dry, powdered brick sample on double-sided conductive adhesive tape attached on an aluminium stub. It was then coated with gold for 15 seconds. The EDX spectrum was recorded using the SEM/EDX JEOL JSM-5310 scanning microscope combined with Oxford Link Isis in the spot-profile mode by focusing the electron beam onto specific regions of the sample. System resolution during elemental analysis was taken at 60 eV.
RESULTS AND DISCUSSION

Basic Mineralogical Composition using Infrared Spectroscopy (IR).
Examining the mid-IR region (4000 to 400 cm -1 ) of the spectrum provided information on the constituent of clay minerals found on the brick sample. Generally, the spectral range from 3400 to 3750 cm -1 was assigned to OH stretching modes, which is common to most clay minerals. Stretching modes for Si-O and Al-O at 700 to 1200cm -1 , while for bending modes, 150 to 600 cm -1 . Metal-OH bending modes were seen from 600 to 950 cm -1 (Schroeder, 2002) .
The FTIR spectrum of the brick sample (Figure 2 ) has a broad band centered at 3407.72 cm -1 which corresponds to the OH stretching vibration of the absorbed water molecule. This was complimented by the band centered at 1715.36 cm -1 assigned to the bending H-O-H vibration of water as a result of its exposure from the atmosphere (Sathya, et al., 2012) . The intense absorption band at 1091.74 cm -1 was attributed to the stretching vibration of Si-O of the clay's tetrahedral layer, probably in the quartz phase (Senvaitiene, et al., 2007) . It may also indicate a white clay origin of kaolinite (Ghosh, 1978) . The presence of quartz was supported by the sharp Si-O vibration at 780.94 cm -1 . A weak absorption band at 1457.22 cm -1 was characteristic of the C-O antisymmetric stretching vibration (ʋ3) of calcite in the brick sample (Sathya, et al., 2012) . Calcite can also be identified from the Si-OH stretching at 2344.64 cm -1 (Nwosu, et al., 2013 (Al 3+ ) in the alumina octahedron layer, creating a net negative charge on the clay structure (Velda, 1992; Torraca, 1988) and will attract exchangeable ions (i.e. Ca 2+ ) that can collect in between the interlayer. These arrangements would form the basis for the different extraction techniques employed in this study. Soaking the samples in aqua regia undisturbed for 24 hours and 48 hours, respectively (M3 and M4) before digestion would ensure sufficient dissolution of iron and magnesium held within the octahedral layer. Exchange of Ca 2+ with NH4Cl and ethanol (M2) can facilitate its release from the interlayer, as well as some fragments of Fe 2+,3+ and Mg 2+ that may have deposited within the interlayer. These pre-treatment methods were compared to the sample that was digested immediately (M1) after adding freshly prepared aqua regia in a hot plate.
Percentage of Iron in the Brick Sample.
Significant amount of iron in the brick sample was supported by the IR spectrum having absorption peaks for the mineral magnetite and hematite. Iron is a natural colorant of clay bricks which gives the characteristic redorange and reddish-brown color. It is usually present in small quantities. Various studies on old clay bricks using x-ray techniques done in other countries, report the percentage of iron from 3.0% to about 14.0%. Specifically, old clay bricks obtained from different historical structures in Portugal dating from the 12 th to the 19 th century, report the iron content to be about 4.1 to 11.4% (Fernandes, et al., 2010) , while burnt clay bricks from India dating from the 17 th to 18 th century, range from 3.2% to 13.6% (Rai and Dhanapal, 2013) . Since brickmaking techniques and the proportion of brick raw materials are more or less similar during these time periods, it is expected that the sample would be within this percentage range.
Analysis by AAS involves preparing iron standard solutions from a stock solution of known concentration. To prevent deviations from linearity (Beer's Law), an ideal concentration range was prepared from 2 to 10 ppm and the digested brick sample was diluted to fit within this range. The equation of the line for the three set of calibration curves are as follows; for Trial 1: y = 0.004810x -0.0007000 (r = 0.9983), Trial 2: y = 0.004715x + 0.0002100 (r = 0.9975), and Trial 3: y = 0.004700x + 0.001960 (r = 0.9936), signifying that the prepared standards are within the regression line. Table 1 (Punmia, et al., 2005) . This indicates that the brick sample was made within acceptable standards. Data shows that there is no drastic difference (< 0.25% iron) among the four methods (Figure 2 ), though M2, M3, and M4 yielded higher percentage of iron compared to M1. Soaking the brick samples for 24 hours (M3) and 48 hours (M4) hours in aqua regia before digestion seems to be the best method in extracting iron. This implies that soaking the sample within a given time period will facilitate the initial breakdown of bonds in the outer surface layer of the clay matrix, effectively leaching the iron in the solution. Ion exchange by NH4 + (M2) is almost comparable with that of M4. Ammonium ion doesn't exchange efficiently with iron due to its size (Bohn et al., 2001) , but readily replaces smaller ions in the interlayer. This exchange can disrupt the charge balance of the entire clay structure and weaken the bonds, thus making the added aqua regia during the digestion stage more effective.
Comparing the standard deviations (Figure 3 ) of the different methods, the sample soaked for 48 hours (M4) has the lowest standard deviation value of 0.032 signifying that the values obtained were more clustered around the mean. AAS analysis was done concurrently by the same analyst throughout the experiment. Precision was dictated by the nature of the sample itself because the iron concentration is not evenly distributed in the original brick sample and deviations can occur. Table 2 . The low percentage of calcium may indicate that the sample preparation was not contaminated with lime mortar normally attached to the brick's surface (Rai and Dhanapal, 2013) . Furthermore, a well manufactured clay brick should have a calcium content not exceeding 5.0% (Gopi, 2010) , signifying that the brick sample in this study was within standards.
Among the four digestion methods, M1 yielded a higher percentage of calcium, 0.203%, compared to M2, M3 and M4. The standard deviation values of each method indicate that the experiment was conducted uniformly. Since calcium can be readily displaced by NH4 + in the interlayer (Buehrer, 1952; Carroll, 1959) as in the case of M2, there is a possibility that it may have been removed during the washing process, explaining its low calcium composition (0.127%). The supernatant was discarded every washing step and it may contain calcium that exchanged with NH4
+ . Soaking the sample with aqua regia solution for 24 hours (M3) and for 48 hours (M4) prior to heating on a hot plate was moderately effective in releasing calcium in the sample matrix. In the absence of heat, the permeability of aqua regia in the interlayer, where calcium is normally embedded, was decreased. Expanding or swelling capacity of the interlayer to release the calcium is greatly influenced by the type of clay material that constitutes the sample (Sposito et al., 1999) . Upon dilution to fit within the given standard range and absorbance measurements from AAS was obtained, the percentage of magnesium computed for the four different extraction methods range from 2.346% to 2.458% (Table 3 and Figure 5 ). The difference between each value is quite small, approximately < 0.115%, indicating that either method was effective in extracting magnesium from the brick sample. Sample preparation and AAS analysis was done at the same time by the same analyst, reducing personal and systematic errors. Based on literature, the magnesium content for a good quality old brick should be < 1% and the values obtained from this study are within this range (Punmia et al., 2005) .
However, since magnesium can also be found in the clay's interlayer, it is capable of ion exchange with NH4 + (Buehrer, 1952; Carroll, 1959) and may have been removed during the washing process, thus, compared to the other extraction methods, this resulted to the relatively lower percentage value of M2 (2.346%). From the extraction procedure of M2, the brick sample residue was washed three times with NH4Cl and the supernatant liquid was discarded every step. It is possible that the supernatant liquid might contain magnesium. Magnesium is also less replaceable (Carroll, 1959) than calcium due to its smaller size which explains why more calcium was exchanged by NH4 + in solution. 
Elemental Analysis using EnergyDispersive X-Ray Spectroscopy (EDX).
Based on the AAS and EDX data (Table 4) , the distribution of the amount of iron, calcium and magnesium in the brick sample showed good agreement. The difference between the percentage values of iron obtained from AAS (4.418%) with that of EDX (3.18%) is quite small, indicating that iron is distributed evenly in the brick sample matrix. For calcium and magnesium, the percentage difference between the two techniques was greater than 50%. Since EDX is a spot analysis technique, it is possible that the distribution of calcium and magnesium in the scanned area was not uniform compared to AAS where the bulk sample was considered for analysis. 
CONCLUSION
The proposed digestion methods yielded quantifiable amounts of iron, calcium and magnesium content in the old clay brick sample using AAS. These results were supported by EDX data. For elements that are attached to the layer structure of clay, i.e. iron and magnesium, M2, M3 and M4 was more appropriate for extraction and yielded higher percentage amount compared to M1. However, exchangeable cations like calcium which can be found in the interlayer of the clay structure, the most effective method is M1. The IR data also verified that the brick sample was of clay and sand origin. This study was essential in identifying the specific methods to be employed to maximize the extraction of these elements and to aid in finding the most appropriate replacement brick material for conservation work. 
